Efficient photoionization for barium ion trapping using a 
dipole-allowed resonant two-photon transition 
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Abstract Two efficient and isotope-selective resonant 
two-photon ionization techniques for loading barium 
ions into radio-frequency (RF)-traps are demonstrated. 
The scheme of using the strong dipole-allowed transi- 
tion 6s^ ^So -> 6s6p^Pi at A = 553 nm as a first step 
towards ionization is compared to the established tech- 
nique of using a weak intercombination line (6s^ ^Sq — J- 
5(i6p^Di, A = 413 nni). An increase of two orders of 
magnitude in the ionization efhciency is found favoring 
the transition at 553 nm. This technique can be imple- 
mented using commercial all-solid-state laser systems 
and is expected to be advantageous compared to other 
narrowband photoionization schemes of barium in cases 
where highest efficiency and isotope-selectivity are re- 
quired. 



1 Introduction 

Ion traps have become an important tool in a growing 
number of fields, like precision measurements of fun- 
damental constants[T], testing general relativityPl, fre- 
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quency standards[3 , quantum information processing[ll 
5j, quantum simulation [Bl[7j or mass spectrometry [5]. 
During the last decade, the state-of-the-art loading of 
ion traps has changed from electron beam bombard- 
ment to photoionization of neutral atoms inside the 
trapping region. The main reasons are a higher effi- 
cieny and the isotope selectivity of most of the pho- 
toionization schemes presented so far. Additional ben- 
eficial effects, like strongly reduced static charging of 
dielectrics [H], lower motional heating rates of the ions 
after loading due to the suppression of patch potentials|10) 
and easier loading of surface-electrode traps with a sub- 
stantially reduced trap depth[TT] is of great advantage 
in the laboratories. Loading of Paul traps by narrow- 
band cw photoionization[T2] has been achieved by sev- 
eral groups on a growing number of atomic species f Ba[l3l 
m, Mg[l5], Ca|9ltt6l[l3, Yb[18], Sr|19l[20], In[2l] etc.). 
Several of these schemes have been applied to photoion- 
ization loading techniques that substitute the resistively 
heated atomic oven as source of neutral atoms. Instead, 
non-evaporating sources, for instance laser ablation tar- 
gets in or magneto-optical traps [23 are used. These 
techniques additionally increase the efficiency and the 
advantages of photoionization loading and were mainly 
developed to load micro-structured surface traps. Fur- 
thermore, non-isotope selective loading schemes, e.g. 
using ultra-short pulses [24] or laser ablation [25] have 
been realized which share the advantage of being ap- 
plicable to most laser-cooled ion species with a further 
increased efficiency. 

In this paper, a novel loading technique for bar- 
ium by isotope-selective photoionization using a dipole- 
allowed two-photon transition is demonstrated. A sub- 
stantial increase in ion loading efhciency compared to 
established schemes[2Bj is found. The presented tech- 
nique promises to provide substantial advantages in ex- 
periments that depend on maximizing the efficiency or 



2 



on a fast, controlled and minimal invasive reloading of 
ions. 



2 Experiment 

The ion trap used for the experiments presented in this 
paper consists of four cylindrical, gold plated copper 
rods of 2 mm diameter for radial confinement and two 
additional ring shaped electrodes around the rods pro- 
viding axial confinement. The rods are arranged in a 
quadrupole configuration with a minimal distance of 
1.12 mm between the trap center and the rod surface. 
An RF voltage at fl^p = 27r x 6.8 MHz is applied on 
the rod-electrodes. For ^^*Ba+ the typically used radial 
secular frequency amounts to 27r x 470 kHz. The 5 mm- 
thick ring electrodes that are centered around the trap 
axis are spaced by 15 mm and have an outer diameter 
of 24 mm and an inner diameter of 8 mm. A DC volt- 
age applied to these ring electrodes leads to a static, 
nearly harmonic confinement potential along the axis 
of the linear Paul trap. The trap setup is housed in an 
ultra-high vacuum chamber at a pressure of 2 x 10^^ Pa. 
Ions confined in the trap can be observed by imag- 
ing their fluorescence light during Doppler laser-cooling 
with a two-lens condenser on an electron-multiplying 
CCD camera. The magnification factor of the imaging 
system is approximately 10 and in conjunction with the 
trap parameters a single and up to approximately 50 
individual ions that form a crystalline structure [27 1 128 ] 
can be observed. 

Two different, resonant two-step excitations from 
the ground state 6s^ ^Sq of neutral ^'^^Ba to the contin- 
uum are used to produce singly ionized barium. Since 
in both cases, the first step is realized by a resonant 
transition and the isotope shifts are sufficiently large 
compared to the laser linewidth and the Doppler and 
power broadening of the transition, both photoioniza- 
tion schemes are isotope selective. Figure [T^) gives a 
summary of the relevant transitions of neutral barium. 
The first scheme requires two photons at 413 nm and 
is resonant with the weak intercombination line of the 
6s^ ^So 5d6p^Di transition. It was first demonstrated 
in[5B] and will be labeled scheme A in the following. De- 
spite the weak transition strength, this scheme benefits 
from the fact that light of only one frequency has to be 
provided that can be generated by a commercial and 
robust diode laser. Within the framework of this pa- 
per, this scheme has been realized for comparison. The 
413 nm laser propagates on axis through the trap setup 
and is focused to a beam waist of W413 = 440 jim (1/e^ 
of intensity) at the trap center. 

The second scheme, labeled scheme B, is based on 
the strong dipole allowed 6s^ ^Sq — >■ 6s6p ^Pi transition 
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Fig. 1 Energy level scheme of a) neutral and b) singly ion- 
ized barium. Only the relevant levels and transitions are 
shown. Solid lines indicate experimentally realized transi- 
tion, whereas dashed lines are only given for comparison. For 
coarse orientation, an energy scale is given for both cases. 
Photoionization of neutral barium is experimentally realized 
using two different schemes, that both use one resonant exci- 
tation followed by a non-resonant excitation into the contin- 
uum. In scheme B, a 553.7 nm photon excites the ^Pi state of 
27r X 18.9 MHz natural linewidth, corresponding to 8.4 ns life- 
time. Another photon at 413 nm excites the atom above the 
ionization threshold at 5.21 eV. The other ionization scheme 
(scheme A) works with two photons at 413 nm. The first one 
couples the ground state with the 5d6p^Di level. The second 
photon excites the electron deeply into the continuum. Note 
that in scheme A, the atoms are optically pumped (wavy line) 
to metastable states because the spontaneous emission rate to 
the states 6s5d3Di,2 (3.8 x lO^'s-^ to ^Di, 1.9 x lO^'s"^ to 
^D2) is larger than that to the ground state (1.5 x 10® 
Laser cooling on the singly charged ion is done on the A- 
system spanned by the ^nd '^03/2 levels, using 

photons near 493 nm and near 650 nm. 



at 553nm[55] to provide the first excitation. The sec- 
ond step from the ^Pi state to the continuum requires 
a wavelength <418nm. Therefore, a 413 nm photon is 
sufficient and the laser of scheme A can be re-used. 
The laser beam for the first step is generated using 
a dye laser 2tt x 500 kHz linewidth) pumped by 
a frequency-doubled Nd:YAG laser. The 553 nm beam 
is focused to a waist of 230 jim, overlapped with the 
413 nm laser and propagates on axis through the trap. 

Neutral barium atoms are provided by a thermal 
beam evaporated into the trapping region by resistively 
heating a tantalum tube of 1 mm inner diameter filled 
with barium. A heating current of 3.15 A results in an 
oven temperature at thermal equilibrium of approxi- 
mately 600 K. To minimize Doppler broadening and to 
avoid overall Doppler shifts, a coUimated atomic beam 
perpendicular to the photoionization lasers should be 
used, especially when a high grade of isotope selec- 
tivity is required. However, in the current setup, the 
atomic barium beam encloses an angle of approximately 
100 ± 5° with the direction of laser propagation and 
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the transition frequency is thus red-shifted. The atomic 
beam is colhmated by a 200 jim wide sht aperture at 
a distance of 4 cm from the trap axis in the direction 
perpendicular to the laser beam to ensure a minimal 
contamination of the trap electrodes with barium. 

After ionization, the ^^^Ba+ ions are laser-cooled on 
the — >^ Pi/2 transition at 493 nm. FigurejljD) shows 
the relevant electronic levels and transitions of singly 
ionized barium. The upper state decays with a branch- 
ing ratio of approximately 3:1 into the ground and a 
metastable ^03/2 state[3D]. The population in the D 
state is re-pumped to the P state by an additional 
laser at 650 nm to approach a closed cycling transi- 
tion for laser cooling. In addition, a weak magnetic field 
(0.5 mT) perpendicular to the linear polarization of the 
laser beam is used to prevent dark states in the Zeeman 
manifold of the metastable state. The 493 nm light is 
produced by frequency-doubling a commercial narrow- 
linwidth (typically 2tt x IMHz), tunable diode laser 
operating in Littrow configuration. Non-critical phase 
matching in a 10 mm-long KNbOs non-linear crystal 
is used to double the frequency of the light in a home- 
build second-harmonic generation external ring cavity [ST] 
The re-pumper light is directly produced by an exter- 
nal cavity diode laser. Both, cooling laser and repumper 
are overlapped and directed along the axis of the linear 
trap. Figure [2] shows a two-dimensional fluorescence im- 
age of a pure ^■^^Ba'*" crystal containing 20 ions loaded 
into the trap via scheme B. The crystalline structure 
allows to accurately determine the number of ions of 
the specific barium isotope that is resonant with the 
Doppler cooling light. Throughout this paper loading 
rates of ions are determined by the evaluation of fluo- 
rescence images of ions confined in the Paul trap after 
a certain loading duration. The position and number 
of non-fluorescing ions within the crystalline structure, 
for example other barium isotopes or molecular ions can 
be determined by exploiting the inherent symmetry of 
Coulomb crystals. 



3 Results 

In Fig. H the ion loading rates are shown as a function 
of the detuning of the laser from the overall shifted 
atomic resonance (values in this section are given di- 
vided by 27r) coupling the ground and the intermediate 
state (first step laser) for scheme A and B (the powers 
of the laser beams providing the first and the second 
step amount to approximately 1 mW). The zero of the 
horizontal axis is calibrated by fitting the maximum of 
the loading rate. The solid lines represent the results 
of a model. Details of the model and discussions about 



Fig. 2 Fluorescence image of 20 ^^^Ba+ ions piiotoionized 
via a dipole-allowed transition (scheme B) and confined in 
tlie Paul trap. The ions are sufficiently laser cooled to form 
an ion Coulomb crystal. The number of confined particles and 
the trap parameters lead to a linear chain along the axis of the 
linear trap. A sufficiently large isotope shift of the transition 
relative to is^Ba (is'^Ba: 2-k x 215 MHz; "6Ba: 2tt x 128 MHz; 
is^Ba: 27rx259MHz; ^^'^Ba,: 27r x 143 MHzj32j) in comparison 
with the observed Doppler- and power-broadened linewidth 
allows for a high probability for an isotopically pure crystal. 
An enhancement of the isotope selectivity can be achieved by 
a detuning towards lower frequency of the first step photoion- 
ization laser because ^^®Ba has the lowest frequency of all sta- 
ble isotopes. ^^^Ba has a natural abundance of 71.7%. The 
probability to load an isotopically clean ion crystal consisting 
of 20 ^'^®Ba+ ions (as shown in the figure) with a non-isotope 
selective technique amounts to 0.717^" w 0.1%. 

the broadening of the spectral line can be found in sec- 
tion |4j In the present setup, the atoms have a velocity 
component along the propagation direction of the laser 
beams, and hence the transition is Doppler-broadened 
and the maximum loading rate is Doppler-shifted to- 
wards lower frequencies. The center of the unshifted 
atomic resonance is indicated by an arrow in the figure. 

The experimentally derived loading rates of scheme 
A (B) are shown in dependence of the laser power in 
Fig. [4] (A: blue circles and B: red squares). The data of 
scheme A (scheme B) show in principle a dependency 
on the square of the laser power at 413 nm (product of 
the laser powers at 413 nm and 553 nm), as to be ex- 
pected in a process requiring two photons. In scheme 
B, the laser power of the second laser (413 nm) is kept 
equal to that of the first laser (553 nm) and therefore, 
the two schemes are comparable in terms of laser power. 
This is justified, because scheme B does in principle not 
require a separate laser system at 413 nm as chosen in 
the current experiment for simplicity, having the laser 
source of scheme A available. As shown in P^I14| . the 
transition into the continuum does not have to be of 
narrow bandwidth (different to the first step in scheme 
A and B) and can be replaced by an incoherent light 
source. The solid lines present the results of the calcu- 
lations based on the model. For the given parameters, 
the loading rate of scheme B is already about 40 times 
larger than that of scheme A. As already mentioned 
in section [2] the beam waists of the two lasers used in 
scheme B differ considerably at the trap center. Atoms 
can only be ionized when both required beams overlap, 
since the lifetime of the excited state is much shorter 
than the typical transit time of the atom through the 
beam (see also section |4] and the caption of Fig. |4]). 
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Fig. 3 Loading rate of ^^^Ba+ ions into the linear Paul trap 
as a function of the detuning of the laser used in the first 
ionization step to the peak loading rate. In |3(a)| |3(b)| the re- 
sults for scheme A,B are shown respectively. In both cases, the 
laser powers were set to 1 mW. In the present setup, the atoms 
have a velocity component along the propagation direction of 
the laser and therefore, the peak of the loading rate is red- 
shifted with respect to the atomic resonance indicated by an 
arrow. Note the asymmetry of the fitted model curve (black 
solid lines) in both photoionization schemes which is also due 
to the non-perpendicular orientation of the laser beam and 
atomic oven. The given errorbars represent statistical errors 
only. 



Taking the currently not contributing amount of laser 
power within the 413 nm beam for scheme B into ac- 
count, a lower bound for the additionally increase in 
ionization efficiency can be derived. For the compari- 
son of the two schemes, a homogeneous atom density 
in the trap volume and an equal probability to trap 
an ionized atom is assumed. Implying a flat top pro- 
file for both beams of different waists would lead to an 



power [mW] 

Fig. 4 Loading rate achieved with scheme A (blue circles) 
and B (red squares) as a function of the laser power used 
in the first ionization step. For scheme B, the power of the 
553 nm and the 413 nm laser are kept equal. The dashed and 
solid curves represent the results of a calculation, assuming 
an atomic oven temperature of T=600K. For the dased red 
curve, the detuning of the first step laser is set to the fre- 
quency at which the loading rate is at its maximum and the 
angle 6 between the laser and the atomic oven is taken to 
98.3°. The remaining fitting parameter is the total efficiency 
a (see main text). The additional solid red curve shows the 
result of the fit with the model for scheme B when a de- 
tuning of +75 MHz from the peak loading rate is assumed. 
This might explain the discrepancy of the results from the 
model at low powers. The experimental data show that the 
ion loading rate in the experiment following scheme B is al- 
ready about 40 times larger than following scheme A. Due to 
different beam waists used to realize scheme B, an additional 
increase of the efficiency by a factor of approximately 2.5 has 
to be considered, leading to a total enhancement of the effi- 
ciency by approximately two orders of magnitude compared 
to scheme A (for details see main text). The inset shows a 
close-up of the experimental data derived following scheme 
A and the corresponding curve fitted according to the model 
with the laser frequency set to the value where the loading 
rate is maximal. 



underestimation of scheme B in the comparison of effi- 
ciencies by a factor of (^553/^413)^ ~ 4. Considering, 
more realistically, gaussian beams and assuming a con- 
centric overlap, the measured ionization rate achieved 
via scheme B has to be multiplied at least with a factor 
of 2.5 for comparison with scheme A. This allows to 
derive an increase of the total efficiency via scheme B 
by two orders of magnitude. 

In Fig. [5] the dependence of the loading rate on 
the power of the first laser (553 nm) is shown when 
the power of the second laser is kept again constant at 
1 mW. Taking saturation effects into account allows to 
explain the deviation from a linear dependency of the 
laser power at 553 nm. The power dependence is similar 
to that described in reference jl^ (Fig. 6) and follows in 
principle a dependency on the square root of the power. 
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as to be expected for an increased saturation of the 
transition. The sohd hnes represent the results of the 
calculations based on the model and will be explained 
in detail in the next section. 



4 Model 

In the present setup, the Doppler broadening of the 
spectral lines is caused by the temperature T of the 
atomic ensemble in combination with the angle 6 be- 
tween the atomic and the laser beam. The derived spec- 
tral line of scheme A (Fig. 3(a)[ ) has a fuU-width-at- 
half-maximum (FWHM) of 110 MHz. If this effect was 
caused by Doppler broadening at the given angle 0, the 
FWHM achieved via scheme B should amount to 82 
MHz. The experimental result, however, shows an even 
larger width (Fig. |3(b)| . This effect is caused by power 
broadening, because the transition dipole moment ex- 
ploited in scheme B is much larger than in scheme A. 
This is in agreement with the non-linear dependency of 
the loading rate depicted as a function of laser power in 
Fig. [Sj Here a model is introduced in order to describe 
and explain the broadening of the spectral lines and the 
power dependence of the ion loading rate for scheme B 
with a set of three parameters (^, T, detuning from the 
resonance frequency of an atom at rest) that provides 
a consistent description of the experimental situation. 
A similar model for scheme A will be introduced after- 
wards. 

For convenience, Cartesian coordinates {x,y,z) are 
used. The laser beams and the atomic oven are placed 
in the x — z plane. The origin of the coordinate sys- 
tem is chosen at the atomic oven, and the center of the 
laser beams is at a; = Xq and y = 0, extended along 
the z-axis. The ion loading rate 77 at a specific position 
{x, y, z) is assumed to be proportional to the atom pop- 
ulation at the intermediate state (6s6p^Pi) and to the 
intensity of the second laser beam transferring the pop- 
ulation from the intermediate state to the continuum. 
The population of the intermediate state p depends on 
the intensity of the first laser beam driving the transi- 
tion from the ground to the intermediate state. 

The transverse intensity distribution of the laser 



beam is assumed to be gaussian: /^e 



[i = I (2) for the first (second) step laser, represents 
the intensity at the center of the laser beam with a 
beam waist Wi). The ionization probability for an atom 
leaving the oven at t = with velocity {vx-,Vy,Vz) is 
given by 
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Fig. 5 Loading rate aciiieved via sciieme B as a function of 
tiie laser power used in the first ionization step. The power 
of the laser used by the second step is kept at 1 mW, and the 
temperature of the atomic oven is assumed to be 550 K for the 
calculation, to account for a reduced heating current of the 
atomic oven compared to the one chosen to obtain the results 
presented in Figs, [s] and [4] The red dashed curve is the result 
of fitting the model with parameter a and the frequency set 
at the maximum loading rate. The red solid line is the result 
of the fit when a detuning of -50 MHz from this frequency is 
assumed (see main text). 
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where a is a constant of proportionality (see also 
caption of Fig. |4]). The peak intensity is related to the 
laser power by h = 2Pj/ (ttui^). 

The population p of an atom in the intermediate 
state is assumed to be stationary. The lifetime in the 
intermediate state (inverse of the natural linewidth F) 
is much shorter than the typical transit time of the 
atom across the laser beam. For example, assuming a 
Maxwell-Boltzmann distribution for T — 600 K, the 
most probable speed of Ba atoms is about 200 m/s, 
and the transit time through the laser beam {2wi = 
460/im) amounts to 2.3 /is, which is much longer than 
the lifetime of the 6s6p^Pi state (8ns). Therefore, p 
can be expressed as|33j. 



P = 



{Vxt, Vyt) 



(2) 



where 5 is the detuning of the laser from the atomic 
resonance frequency at rest, k is the wavenumber of the 
laser beam driving the transition at the Rabi frequency 
which is a function of the spatial coordinates: 



r]{vx,Vy,Vz) = a he p{vxt - Xo,Vyt,Vyt) dt, (1) Qa{x,y) 



h^eoc 



Ii exp 



{x~Xo)' + y^ .(3) 
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In Eq. ([3]), ?i is the reduced Planck constant, Eq is the 
electric constant and c is the speed of light in vacuum. 

The total ion loading rate is obtained by integrat- 
ing over the atomic velocity for an appropriate velocity 
distribution function f(vr,Vy): 

poo poo p9-{-58 

V0= / VrdVr / dVy / d0f{Vr,Vy)- 

Jo J-00 Je-se 

r]{vr sill 9, Vy,Vr cos 9). (4) 

Here the coordinates (r and 9) , defined as x = r sin 9 
and z — r cos 9, are introduced and and Vz are 
replaced by VrSiTi9 and VrCos9, respectively. The az- 
imuthal angle 9 is the angle included by the direction 
of the atomic and the laser beam. For a thermal beam 
of atoms with mass M, a MaxwcU-Boltzmann distribu- 
tion can be assumed: 



fitting parameters for the data presented in Fig. 3(a) 



1 



f{vr,Vy) = ^exp 



-M 



2kBT 



(5) 



where fc^ is the Bolzmann constant, and iV is a nor- 
malization factor. In the present experimental setup, 
the slit aperture coUimates the beam in the y-direction. 
However, the diverging angle of the atomic beam in the 
x-z-plane is negligible compared to the velocity distri- 
bution of atoms in a thermal beam. Therefore, the di- 
vergence 60 in Eq. Q approaches zero and 9 is assumed 
to be at one value in the following. 

In the case of scheme A the spontaneous emission 
from the intermediate state (5c?6p'^Di) mainly leads 
to metastable states such as 6s5d^Di 2- The maximal 
spontaneous emission rate from 5d6p^Di to the ground 
state (6s^ ^So) amounts to 1.5 x 10^ s^^, whereas that 
to Gsbd^Bi is 3.8 x 10^ s^^ and that to 655^^02 is 
1.9x 10^ s^^. Therefore, the atoms are optically pumped 
to the metastable states, and the stationary value of p 
approaches zero. By changing the definition of p to be 
the transition probability from the ground state to the 
intermediate state, it is possible to use the same formu- 
lae as in Eqs. ( l][5), except for the value of the constant 
of proportionality a. Thus, applying the present model 
does not allow for comparing the absolute value of the 
loading rates achieved via the two schemes. 



By substituting Eqs. 
theoretical curves in Fig. 



Pand ^ into Eq. Q, the 
e obtained. In the case of 
scheme A, the temperature of the atomic beam is as- 
sumed to be T=600 K, the spontaneous emission rate is 
5.85xl0'^s"\ and the parameters of the laser providing 
the first and the second step of ionization are identical. 
For scheme B, the temperature is also set to T=600K, 
but the spontaneous emission rate is 1.2 x 10^ s~^, and 
the parameters of the first and second step lasers are 
set independently. In the calculation, the parameters 9, 
a, and the center frequency of the resonance are left as 



and 9 = 98.3 degrees is deduced. The center of the res- 
onance is pointed at by an arrow in the figure. In Fig. 
|3(b)[ 9 is fixed to the obtained value above, and only 
the center frequency of the resonance and a remain as 
fitting parameters. 

Using the same model, the results of the derivation 
for the dependency of the ion loading rate on the power 
is also depicted in Figs. |4] and [5] Here the only fitting 
parameter is a, and the detuning is set to the frequency 
at which the loading rate is at its maximum. In Fig. [5] 
however, the red dashed curve derived from the model 
does not fit the experimental result at small laser power 
very well. Scrutinizing the experimental data, it turned 
out that the laser frequency has drifted a few tens of 
megahertz to the red of the frequency for the peak load- 
ing rate. Assuming a detuning of —50 MHz from the 
frequency of maximal loading rate, the result of the 
model (red solid line) is in better agreement with the 
experimental findings. 



5 Conclusions and outlook 

In conclusion, this work demonstrated a novel, isotope- 
selective resonant two-photon photoionization scheme 
for barium using a dipole-allowed transition. The load- 
ing rates into a linear Paul trap was compared to an 
established scheme using a weak intercombination line. 
An increase in efficiency by two orders of magnitude was 
found. This allows to enhance the advantages of pho- 
toionization for barium like minimal charge build-up on 
insulators compared to electron bombardment ioniza- 
tion or patch potentials caused by a contamination of 
the trap electrodes. Reducing these effects might have a 
great impact in experiments that rely on high efficiency 
such as in cavity quantum-electrodynamics with ion 
coulomb crystals [34 , one-dimensional surface traps for 
quantum information processing jTl], two-dimensional 
trapping arrays for quantum simulat ions |3 5 1155] or the 
recently realized optical trapping of ions [37]. The di- 
rect, efficient photoionization of an optically trapped 
barium atom reduces detrimental charging effects, fol- 
lowed by a loss of the ion out of the shallow, compared 
to RF-potentials, optical potential. This might allow, 
for example, to study cold-chemistry processes [38] and 
to simultaneously avoid micro-motion that normally oc- 
curs in conventional ion traps [39] . In addition, provid- 
ing loading rates of 10^ ions/s are required to allow 
for experiments at repetition rates of the order of 0.1- 
1 kHz, for example, exploring controlled molecular ions 
that are sympathetically cooled via Ba ions. The de- 
vices combining the species, a storage ring jiUlHTlH^ or 
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a molecular conveyor belt [43], will substantially depend 
on the sufficient efficiency of the Ba-ion source. 

The presented technique can be further advanced 
by exploiting the tuncability of the 413 nm laser and 
its proximity to the ionization threshold. An increase 
in efficiency is expected by tuning the laser on reso- 
nance with a transition to either a field ionized Rydberg 
state [H] or with an autoionization resonance |441I45| . The 
presented technique can be simplified because the dye 
laser used to generate the 553 nm light can be substi- 
tuted by a low maintenance, all-solid-state laser system. 
Very recently, a commercial frequency-doubled diode 
laser system with the required wavelength and power 
became available. Since the second ionization step does 
not require a laser of narrow linewidth, substituting the 
413 nm laser by an incoherent light source is possible |131 
114) and the presented highly efficient photoionization 
scheme could thus be implemented with modest effort 
and a robust setup. 
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